A method of measuring the breath-by-breath uptake of nitrous oxide by the pulmonary capillary blood is described. With defined reservations, this uptake is given by the difference between the tidal volumes inspired and expired. The tidal volumes were measured by pneumotachography. The accuracy of these measurements is discussed. Precautions taken to reduce errors are described, with particular reference to the control of the temperature of respired gases; to the allowance for changes in the composition of expired gases; and to the reduction of electronic drift.
The uptake of nitrous oxide during the induction of anaesthesia has been estimated previously by taking the difference between the quantities of nitrous oxide inhaled and exhaled during each breath (Smith, 1963; Smith and Butler, 1963) . In principle, this method could be used for measuring the uptake of any inhalational anaesthetic used in a non-rebreathing system. In practice, however, the apparatus used for collecting complete expirations was cumbersome. It would be an improvement to take only small representative samples of expired gas for analysis, but apparatus capable of withdrawing samples which are truly representative of mixed expired gas is not yet available.
The above method measured the quantity of nitrous oxide taken into solution by the pulmonary capillary blood and body tissues plus the quantity of nitfous oxide accommodated in the lungs. With reservations discussed below, the quantity of nitrous oxide taken into solution by the pulmonary capillary blood and distributed throughout the body can be estimated by taking the difference between the inspired and expired tidal volumes (corrected to common conditions of temperature, pressure and humidity). This is the basis of the method used in the present study.
During the induction of nitrous oxide anaesthesia, the volume inspired with each breath (at BTPS) is greater than the volume expired (at 363 BTPS) by the volume of nitrous oxide taken up by the pulmonary capillary blood (plus a negligible quantity taken up directly by the pulmonary tissues and by the tissues of the airways), less the difference between the volume of oxygen taken up and the volume of carbon dioxide eliminated, and less the volume of nitrogen coming out of solution from the pulmonary capillary blood. The latter should be relatively small because the solubility of nitrogen in blood is less than onethirtieth of the solubility of nitrous oxide. Nitrous oxide accommodated in the lungs does not contribute to the difference between inspired and expired tidal volumes because it displaces an equal volume of nitrogen, which is expired. Allowance could be made for the exchange ratio of carbon dioxide and oxygen by measuring the difference between th: inspired and expired tidal volumes while breathing air before the induction of anaesthesia, but there is no guarantee that this exchange ratio will remain the same during the induction of anaesthesia, and it may vary momentarily with changes in depth of breathing. Variations in functional residual capacity, such as may occur during irregular breathing or in response to changes in external resistance to respiration, can also contribute to changes in tidal volume. These should tend to cancel out over consecutive breaths or appear as "step" changes when resistance to respiration is changed.
Immediately after nitrous oxide anaesthesia die expired tidal volumes are greater than the inspired tidal volumes due to the volume of nitrous oxide entering the lungs from the pulmonary capillary blood and then being expired.
The uptake of nitrous oxide into solution during a single breath is small compared with die tidal volume. It follows tibat a small error in measuring die tidal volume may result in a much larger error in the estimation of the uptake of nitrous oxide. To take an example: suppose tihat the uptake of nitrous oxide during a single breath is 185 ml and that the inspired tidal volume is 1300 ml. An error of 1 per cent of die tidal volume is an error of only 13 ml, but this amounts to as much as 7 per cent of the uptake of nitrous oxide. During recovery from a short anaesdietic the volume of nitrous oxide eliminated with each breath is likely to be smaller in relation to the tidal volume, and errors are likely to be magnify accordingly. For this reason die method is not really suitable for measuring the elimination of nitrous oxide following brief anaesthetics. It could be used for measuring elimination from a subject who is saturated widi 80 per cent nitrous oxide. It is obvious that this method calls for much care in making the volume measurements and that it can be applied only to the study of nitrous oxide uptake. With any other inhalational anaesdietic commonly used the volumetric uptake would be too small.
The breath-by-breath differences between inspired and expired tidal volumes could be measured by spirometry using a non-rebreathing system widi two large-capacity recording spirometers: one in die inspiratory limb and containing the anaesdietic mixture; the other in the expiratory limb. Alternatively a "bag-in-a-box", such as that originally introduced by Donald and Christie (1949) could be used. These authors suggested that the system might be used for the study of inert gas exchange. The subject would breathe a nitrous oxide and oxygen mixture from a largecapacity bag contained within a rigid airtight box. He would expire into a spirometer which would also be connected to tie box, and which would communicate with the space between the bag and the sides of the box. During inspiration, gas would flow from the spirometer into die box to replace the gas mixture inspired from the bag.
During expiration, expired gas would pass into die spirometer. Non-return valves would ensure unidirectional flow. The slope of the spirometer record would indicate die difference between the inspired and expired tidal volumes-after making due allowance for temperature changes and for water vapour. The bag would have to be impervious to nitrous oxide. A small version of this system, used in reverse, has been described recently by Nunn and Pouliot (1962) and diese authors have discussed the problem of the measurement of gaseous exchange during nitrous oxide anaesthesia.
In the present study pneumotachography has been used for die measurement of the respired volumes. This method is unlikely to be as accurate as that of Donald and Christie (1949) . On the other hand, pneumotachography has potential applications in other mediods of measuring the uptake of inhalational anaesdietics (Smidi, 1963 (Smidi, , 1964 in which spirometry would be less convenient. The aim should be to design a system which can be used under clinical conditions. In this paper some of the problems of accurate volume determination by pneumotachography and the methods which have been used to tackle them while measuring the uptake of nitrous oxide are discussed. Ancillary apparatus which was used is also described. The results of the nitrous oxide uptake study will be presented in a later paper (Smidi and Buder, in preparation).
THE BREATHING SYSTEM AND BASIC APPARATUS
The subject breathed into a non-rebreathing system, through either a nosepiece or a face mask, and a Vickers Research Limited flow transducer (pneumotachograph). A large-bore tap on the inspiratory limb of die non-rebreathing system admitted eidier room air or a nitrous oxide and oxygen mixture from a Walton Five anaesthetic machine. An escape valve between the anaesthetic machine and the tap prevented the pressure of die anaesdietic mixture from rising sufficiendy to open die expiratory valve of the non-rebreadiing system. This made it possible for expired gases to be collected without contamination by fresh gases from the anaesdietic machine. The expiratory limb of the non-rebreathing system was connected to a two-way change-over (Douglas bag) tap which was arranged so that expired gases could be directed either into the room or into a Tissot spirometer (130 1. capacity). Respired gases could be sampled from the central chamber of the non-return valve assembly.
In order to control the temperature of the gases passing through the flow transducer, two heat exchangers were included in the breathing system, and the non-return valve assembly was enclosed in a water jacket. The heat exchangers and the water jacket of the valve assembly were maintained at the same temperature-between that of the room and that of the body. One heat exchanger was placed between the tap on the inspiratory limb and the valve assembly. This warmed inspired gases before they passed through the flow transducer. The other heat exchanger was placed between the mask and the flow transducer. This cooled expired gases before they passed through the flow transducer. The lay-out of the complete breathing system is indicated schematically in figure 1. The temperature control of respired gases passing through the flow transducer and the construction of the valve assembly and of the heat exchangers is considered in further detail below.
The Vickers Research Limited flow transducer (pneumotachograph) was used in conjunction with a Respiratory Analyser (Williams, I960; Scott and Williams, 1960) and an Ediswan fourchannel pen recorder for measuring respired volumes. (The volume record was derived by electronic integration of pneumotachograph "flow rate" voltages with respect to time-see Hill, 1959, and Woolmer, 1961 .) The pen of the Ediswan recorder which recorded respired volume was automatically returned to zero (Le. the central position) at the end of each inspiration and expiration and for the duration of each time signal (Smith, 1963) .
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Fio. 1 Schematic layout of the breathing system. (The deadspace in the valve box is reduced by "fillers" which are not shown.)
An Infra-Red Development Company gas analyzer designed for measurement of halothane concentrations, was used for continuous measurement of the concentration of nitrous oxide during some of the experiments. The filter cell was filled with carbon dioxide in order to render the instrument non-responsive to carbon dioxide in the respired gases. The sampling rate used was about 500 ml/min, and the rise time of the system at this sampling rate was about 1 second. A quicker rise time would have been preferable. For calibration purposes gas mixtures of nitrous oxide and oxygen and of nitrous oxide, oxygen and carbon dioxide were obtained from an anaesthetic machine. The inclusion or omission of carbon dioxide in the calibrating mixture did not affect the calibration. The infra-red analyzer was not used while expired gases were being collected in the Tissot spirometer because there was some doubt as to the freedom from leaks of the analyzer.
Qualitative information on the peripheral circulation was obtained during most of the experiments by recording the pulse volume changes of either the left forearm or the left thumb. Air-filled plethysmographs were used. These were made as light as possible in order to reduce the chances of injury to either the subject or the anaesthetists during the induction of anaesthesia. Occlusion plethysmography was not employed. During some experiments the two plethysmographs were used alternately for 10 seconds each. The 10-second time signal actuated an automatic change-over switch.
The digital plethysmograph consisted of a brass tube which enclosed the thumb. One end was closed, save for a pressure tapping for sensing the pressure changes within the plethysmograph. A sleeve of p.v.c. tubing at the other end fitted comfortably around the base of the thumb, petroleum jelly being used to obtain an airtight seal. Movement artefacts were reduced by suspending the distal end of the plethysmograph.
The forearm plethysmograph was made of plaster of paris and moulded to the individual subject while his forearm was vasodilated. It was made in upper and lower halves which fitted each other exactly and enclosed the forearm. A film of petroleum jelly was used to make the joint airtight. The left forearm rested on the lower half. The upper half contained an airspace which communicated with a pressure tapping for sensing the pressure changes generated by changes in forearm volume. Sealing was completed by means of a generous application of petroleum jelly around the circumference of the forearm at each end of the plethysmograph. The forearm plethysmograph was suspended by elastic cord in order to reduce movement artefacts. In emergency the subject could be released from the apparatus quickly.
Vickers Research Limited pressure transducers were used in conjunction with Wyeth Bros Limited oscillator discriminator units (Haines, 1960) and the fourchannel Ediswan pen recorder for recording the air pressure changes within the plethysmographs. An air leak through a hypodermic needle between each plethysmograph and its pressure transducer prevented baseline shift due to slow forearm or thumb volume changes. The arrangement is indicated in figure 2 . In practice the forearm plethysmograph was unreliable due to leaks at either end. When used, however, it did permit counting of the pulse rate. The method of Whitney (Whitney, 1949 (Whitney, , 1953 Greenfield, Whitney and Mowbray, 1963 ) using mercury-in-rubber strain gauges, would probably have been more satisfactory. By using one such strain gauge near the wrist and another near the elbow, an indication of the relative skin and muscle volume changes might be obtained (Clarke and Hellon, 1957; Clarke, Ginsburg and Hellon, 1958 ).
Fio. 2
The forearm and digital plethysmograph assembly. (Note the hypodermic needles which provide slow leaks between the plethysmographs and the pressure transducers.)
THE MEASUREMENT OF RESPIRED VOLUME
Sources of error.
Some of the problems arising in attempting accurate volume measurement using pneumotachography have been touched upon previously (Smith, 1963) . The obvious sources of error which can be expected to reduce the accuracy of measurements of nitrous oxide uptake by the present method may be listed conveniently as below.
They will be considered in turn and the methods used to deal with them will be described.
(1) Sources of error related directly to the respired gases passing through the flow transducer.
(i) Temperature changes, (ii) Changes in gas composition, (iii) Changes in humidity, (iv) Leaks in the system. (2) Sources of error related to the measuring system. (i) Electronic drift.
(ii) Non-linearity of the measuring system. (3) Sources of erroT related to the observer.
(i) Calibration inaccuracies, (ii) Reading inaccuracies.
SOURCES OF ERROR RELATED DIRECTLY TO THE RESPIRED GASES PASSING THROUGH THE FLOW TRANSDUCER
The Temperature of Respired Gasesits measurement and control For accurate measurement of gas volumes it is essential to know the temperatures at which they are measured. The temperature of respired pses passing directly through a pneumotachograph, however, varies during the respiratory cycle. Accurate measurements of these temperature changes are difficult because moisture condenses upon the temperature sensing device (e.g. thermocouple) during expiration-thereby releasing latent heat-and it evaporates again during inspiration-thereby absorbing latent heat. Estimates of the temperatures within a Vickers Research Limited flow transducer, under given experimental conditions, have been reported (Smith, 1963), but these are not satisfactory for general application to the correction of gas volumes for temperature while using pneumotachography.
Rather than attempt continuous measurement of the temperature of gases passing through the flow transducer during these experiments, the temperature was controlled. Inspired gases were warmed to about 29 °C by means of a heat exchanger in the inspiratory limb of the non-rebreathing system, between the inspiratory tap and the valve box. The non-return valve box was kept at the same temperature so that the inspired gases would not cool down again before reaching the flow transducer. A second heat exchanger, which was inserted between the mask and the flow transducer and was maintained at the same temperature, cooled the expired gases.
Each heat exchanger consisted of an open-ended rectangular-sided copper box with square cross-section (8 cm x 3 cm x 3 cm). Forty-two small copper tubes of 0.3 cm o.d. passed vertically through the lumen of the heat exchanger and communicated with a surrounding copper water jacket A pump circulated water from a thermostatically controlled water bath through the two heat exchangers and the water jacket of the valve box. They were connected in parallel. The valve box was made of brass. It incorporated two light spider valves (supplied by Messrs. Parkinson and Cowan and designed to fit the outlet of their type C.D.I, dry gas meter). The heat exchangers, the valve box, the flow transducer and the mask were mounted as a single unit as shown in figure 3. The assembly was held by a stirrup and suspended from the ceiling. The use of pulleys and counterpoise weight facilitated the adjustment of the mask to the position of the subject The total deadspace of the expiratory heat exchanger, the flow transducer, the central chamber of the valve box and their connections was 125 ml. The flow resistance characteristics of the system are shown in figure 4. At flow rates of 60 l./min the resistance to inspiration was 2 cm H,O and the resistance to expiration was 1.6 cm H 3 O.
During a test run, a subject breathed into this apparatus for 30 minutes. Temperature changes were measured by a small copper-constantan thermocouple connected to a potentiometric recorder. The temperature varied by ±1.5°C at the nasal end of the flow transducer and by ±0.8°C at the distal end (mean ±1.1°C). The difference between the temperature at the nasal end during expiration and at the distal end during inspiration was 3°C. Without the heat exchangers the comparable figures were ±3.4°C at the nasal end, ±2.8°C at the distal end (mean ±3.1°C) and a maximum temperature difference of 14.6°C be- tween ends. The temperature changes are indicated in figure S. Since the gases entering the system during inspiration and during calibration with "inspired" gas volumes were both at room temperature, the difference in the temperature within the flow transducer under these two sets of conditions was probably small. On the other hand, expired gases entering the system were at nasal temperature while gases injected into the system during calibration with "expired" gas volumes were at room temperature. It is possible, therefore, that the mean temperature change within the flow transducer of 2.2° C contributed mainly to an error in the measurement of expired volumes. This should amount to an overestimate of expired volumes by about 0.7 per cent At the end of the 30-minute period it was not possible to shake any condensed moisture out of the expiratory heat exchanger. The cooling tubes of this heat exchanger were moist at the end •v, NOSE
ALONE WITH HEAT EXCHANGERS
Fio. 5 The temperature changes, measured by thermocouple, at the two ends of the flow transducer during normal respiration-with and without the heat exchangers.
nearest to the subject, but quite dry at the end connected to the flow transducer. The flow transducer and the valve system were thus kept dry and there was no question of inspired gases being humidified by condensed moisture before passing through the flow transducer. (See also Appendix.)
Volume calibration. The system for measuring respired volume was calibrated by. using a 400-ml syringe to pass known volumes of gas through the flow transducer. The corresponding deflections of the appropriate Ediswan recorder pen were then used for constructing a volume scale. In order to make sure that the gases aspirated by the syringe were at room temperature, a further heat exchanger, at room temperature, was interposed between the 400-ml syringe and the expiratory heat exchanger described above. This additional heat exchanger, used only for calibration purposes, consisted of a copper tube 46 cm long and 2.5 cm Ld. which was stuffed with copper gauze. Care was taken not to warm the calibration heat exchanger nor the barrel of the 400-ml syringe by unnecessary handling. The temperature at which calibration was carried out was noted for the purpose of correcting measured gas volumes for temperature.
The Composition of Respired Gasesthe derivation and application of pneumotachograph correction factors for variations in
nitrous oxide concentration. Pneumotachography depends upon the fart that during laminar (smooth) gasflow, the pressure drop in a given gas flowing through a given channel is directly proportional to its flow rate. The Vickers Research Limited flow transducer consists of a hollow casting containing a number of near-parallel melinex* plates. These serve both to make gasflow within it laminar and to provide a number of parallel channels. Two pressure tappings in the casting enable the pressure change over a given length of the channels to be measured by electromanometry. Since this pressure difference is directly proportional to the flow rate of a given gas through the transducer, the pressure changes can be calibrated in terms of flow rate (for that gas). * Polyester film, I.C.I.
For a given flow rate, the pressure gradient across a pneumotachograph is directly proportional to the viscosity of the gas passing through it. It follows that if a pneumotachograph is calibrated for a given gas (e.g., air) the same calibration can be used for any other gas (e.g., nitrous oxide) provided that a correction factor, depending upon the viscosity of the gas, is applied. The same correction factor is also applicable to the measurement of volumes by electronic integration of flow rate with respect to time.
When a non-rebreathing system is used, as in the present experiments, the gas mixtures inspired through the flow transducer remain constant throughout inspiration. This makes calibration of the flow transducer for inspired volumes relatively easy. All that is necessary is to aspirate known volumes of the appropriate gas through the flow transducer, as described above. It is not even essential to carry out separate calibrations for air and for the anaesthetic mixture because the latter can be derived by application of the appropriate correction factor to the former. Correction factors for various mixtures of nitrous oxide and oxygen, flowing through a Vickers Research Limited flow transducer calibrated with air, have been determined experimentally (Smith, 1961) .
During expiration, however, the concentration of nitrous oxide expired varies from breath to breath and during each breath. Allowance for this is not simple. At the start of expiration, deadspace gas is expelled. This has the same composition as the gas mixture previously inspired. At the end of expiration, alveolar gas is expelled. Since the uptake of nitrous oxide continues throughout respiration, the concentration of nitrous oxide in the alveoli decreases during expiration. Between the start and the end of expiration the fall in the concentration of nitrous oxide expired (from that in the inspired mixture to that in the alveoli) also depends upon the distribution of pulmonary ventilation and perfusion and upon the mixture of alveolar gas with deadspace gas.
At any instant of expiration, the true flow rate of the expired gas mixture may be obtained by multiplying the recorded flow rate by the correction factor for viscosity appropriate to the concentration of nitrous oxide in the gases passing through the pneumotachograph at that instant.
Neither the recorded expired flow rate nor the expired gas composition, however, ever remain constant, nor do they follow any easily defined mathematical laws. Graphical methods must therefore be used for determining the correction factors appropriate to expiration.
For the two subjects used in these experiments it was found that the breath-by-breath rise in concentration of nitrous oxide during the induction of anaesthesia, plotted against time, was the same during each experiment. The breath-by-breath correction factors for expired nitrous oxide concentration were determined graphically, therefore, from the results of one experiment only. The principle of the graphical method used is shown in figure 6 . Expiratory flow rates, as obtained by pneumotachography, are indicated in (a) and the corresponding concentrations of nitrous oxide in the expired gas, as obtained from an infra-red gas analyzer, are shown in (c). There will be some inaccuracy here due to the relatively slow rise time of the infra-red analyzer used. The correction factors appropriate to different expired gas mixtures-required for the construction of figure 6 (d)-were found experimentally. Equal volumes of different known gas mixtures were passed through the flow transducer from a 400-ml syringe, and the corresponding deflections on the volume record were noted. The mixtures were made up to contain 0, 20, 40, 60 and 79 per cent nitrous oxide with 6 per cent carbon dioxide and 15 per cent oxygen, the balance being made up with nitrogen. The results are given in figure  8 . The correction factor found for the 79 per cent nitrous oxide mixture agrees well with that pre- viously found for a mixture of 80 per cent nitrous oxide with 20 per cent oxygen and using a different method (Smith, 1961 The same corrections could be made automatically using electronic techniques. From figure 8 it can be seen that for a pneumotachograph calibrated on air the correction factor is (l + K.F Nl0 ) where K is a constant. Thus
Virue = Vjiemir^j + K . F N2 o • Vjicuured-
The latter term could be derived by using an electronic multiplier to give the product of voltages obtained simultaneously from the pneumotachograph and a rapid response infra-red nitrous oxide analyzer. This could then be added to the pneumotachograph voltage. As there is an inevitable delay inherent in the use of the infra-red analyzer, due to the time taken for the sample to travel from the sampling point to the measuring apparatus, a corresponding delay would have to be introduced before the presentation of the pneumotachograph voltages to the electronic multiplier. This could be done by storing the pneumotachograph voltages in a recording system (e.g., on magnetic tape) for the necessary delay period. The output from the infra-red analyzer would have to be linear with respect to the concentration of nitrous oxide which would probably necessitate the use of linearizing circuitry.
(Electronic multipliers are in use. The Respiratory Analyser employs a servo-multiplier for obtaining the product of voltages proportional to flow rate and to pressure (Williams, 1960; Scott and Williams, 1960) . Engstrom and Norlander (1962) made use of the "Hall" effect for the same purpose. Other multipliers have been described (Kraicer, 1963; Barber, 1963) . Noe (1963) uses a multiplier in a computer system designed for the analysis of pneumotachograms and of simultaneously obtained records of carbon dioxide concentration. It would be a relatively simple step to proceed from such an analysis of records to computation of the data at the time of its measurement)
Changes in Humidity.
During expiration the gases passing through the flow transducer are always saturated with water vapour. During nitrous oxids and oxygen anaesthesia, using a non-rebreathing system, the inspired gases passing through the flow transducer from the gas cylinders are dry. While breathing room air during the recovery period 5 however, they are only partly saturated with water vapour. The measurement of the relative humidity, of room air during these experiments was considered, but in the event this was not done. For purposes of correcting the measured volumes of air inspired for water vapour, the relative humidity was assumed to be 60 per cent A change of relative humidity of ±20 per cent from this assumed value would have produced an error of ±i per cent in the corrected volume (at BTPS).
Gas Leaks in the System. The use of a mouthpiece and a nose clip would probably have reduced gas leaks to a minimum. On the other hand, it is not usual to use a mouthpiece for clinical anaesthesia, and it was felt that it might stimulate salivation, and perhaps nausea and vomiting.
The use of a nosepiece had the advantage of avoiding too large an increase of an already large apparatus deadspace. A good gastight seal between the nosepiece and the subject's face was usually obtained, although sometimes with discomfort. There was a tendency for the subject to breathe through the mouth, particularly during expiration, as consciousness was lost. For this reason measurements were usually possible only during the initial period of induction. The face mask was found to be more comfortable and made it possible to continue measurements into the recovery period. A good seal between mask and face, however, was not always achieved. In retrospect, a mouthpiece and nose clip should have been tried.
The effect of mask leaks upon the measurement of the uptake of nitrous oxide depends upon whether the leaks occur predominantly during expiration or during inspiration. Expiratory leaks will reduce the volume of gas passing through the flow transducer during expiration and will result in an over-estimate of the nitrous oxide uptake. Inspiratory leaks will reduce the volume of gas passing through the flow transducer during inspiration and will result in an under-estimate of the nitrous oxide uptake. They will also cause an absolute reduction of nitrous oxide uptake due to the dilution of the inspired gases. In one experiment the subject did not quite lose consciousness and it was obvious from the infra-red nitrous oxide analyzer record that there had been a leak.
The breath-by-breath uptake measured during that experiment showed no consistent trend and the results were obviously valueless. A smooth and consistent uptake curve suggests the probability of an absence of leaks,, but it is not conclusive.
SOURCES OF ERROR RELATED TO THE MEASURING SYSTEM
Electronic Drift. An ideal system for recording the flow of gases through a pneumotachograph should register zero so long as there is no gas flow. This does not happen in practice. The recording pen tends to drift from zero position in an unpredictable manner. The extent of this drift and the measures which may be taken to reduce it depend upon the particular system used.
In the present system the pressure changes developed across the flow transducer (pneumotachograph) are detected by means of a capacitancetype differential pressure transducer. A coaxial cable connects this to an oscillator discriminator unit Any pressure difference between the two sides of the pressure transducer causes a deflection of a diaphragm which forms one side of an air-filled capacitor. The oscillator discriminator unit senses any change in the combined capacity of the pressure transducer and the cable, and it provides a DC output which is directly proportional to the pressure difference between the two sides of the pressure transducer, and therefore also directly proportional to the gas flow rate through the flow transducer (pneumotachograph). An integrator unit integrates the output from the oscillator discriminator unit with respect to time. The output from the integrator unit, therefore, is a DC voltage proportional to the volume passed through the flow transducer. This is fed to a pen amplifier, and the pen records a deflection directly proportional to volume. If there should be even a small DC output from the oscillator discriminator unit when there is no flow through the flow transducer, this small DC error will cause an ever-increasing deflection, or drift, of the pen due to the constant integration of the error signal with respect to time.
Such an error signal may arise within the oscillator discriminator unit itself. It may be due to changes in the capacity of the coaxial cable, and it may be due to changes in the capacity of the pressure transducer. Changes in the capacity of the pressure transducer can be caused by temperature fluctuations. Both mechanical movement and temperature fluctuations can cause changes in the capacity of the coaxial cable. The oscillator discriminator unit is also sensitive to temperature changes, but it is particularly sensitive to variations in the mains supply voltage. The integrator unit was found to be stable.
A servomex voltage stabilizer (type AC 2 Mk. HI) was used to stabilize the mains supply. This reduced but did not altogether prevent "volume drift" arising within the oscillator discriminator unit. A further reduction in "volume drift" was achieved by supplying the valve heaters of this unit from a 6-volt accumulator. Table I shows the maYimiim drift recorded, in terms of a volume calibration, during a series of 5-minute periods when the Respiratory Analyser (in which the oscillator discriminator and the integrator units are incorporated) was supplied with raw mains, when it was supplied with stabilized mains, and when the valve heaters were supplied from a 6-volt accumulator.
The effect of temperature changes on the oscillator discriminator unit could be demonstrated by opening a window on a cold day. This was found to be sufficient to cause the pen to drift off-scale after a time lag of about 2 minutes. If the window was then dosed immediately, it took a further 30 minutes before stability was regained. In order to reduce the effect of draughts and temperature changes the windows were kept closed and the Respiratory Analyser and the pressure transducer and its cable were housed in a hardboard cabinet which was open at the top.
A car heater projected through the back of the cabinet, near the floor. A pump constantly recirculated water from a 10-gaIlon metal reservoir, at approximately room temperature, through the water jacket of the car heater. The fan of the car heater forced room air through its heat exchanger into the bottom of the cabinet This arrangement buffered any rapid changes in room temperature. If the temperature of the air entering the heat exchanger was raised by 4*C it was cooled again by the heat exchanger by about 3°C.
The Respiratory Analyser was switched on at least 8 hours before use in order to ensure reasonable temperature stability.
The nitrous oxide uptake experiments were carried out towards the end of a particularly cold winter, when fluctuations in the mains supply voltage were considerable. Full advantage was taken of a relatively quiescent period which usually occurred during the lunch hour. Table II shows the amount of drift recorded during a series of twenty 5-minute periods early one afternoon during warmer weather when every precaution had been taken to reduce the drift to a minimum. Drift occurring during the actual experiments may have been greater. Unfortunately, it is impossible to be certain of the extent of the drift occurring during any given experiment It can be said, however, that the longer the time interval from the start of an experiment, the greater the drift is likely to have been. Non-linearity of the recording system. The voltage output from the "volume" output of the Respiratory Analyser is directly proportioned to the volume of gas passed through the flow transducer. The deflection of the Ediswan recorder pen is also, for all practical purposes, directly proportional to the voltage being recorded, if the deflection from the zero (central) position is smalL With large deflections, however, the relationship is not linear, due to the fact that the pen describes an arc of a circle and due to the characteristics of the pen amplifier. This non-linearity is allowed for in the calibration if deflections are always measured from the zero (central) position, and this is made possible by the automatic zeroing at the end of each inspiration and expiration (Smith, 1963) . The accuracy with which large volumes can be measured, however, is reduced because of cramping of the calibration towards the limits of the pen sweep. One of the subjects of this study took occasional deep breaths of as much as 3000 ml (BTPS) during the induction of anaesthesia and these could not be measured with the same accuracy as the more normal breaths. It would have been an advantage to have arranged for the automatic momentary resetting of the pen at the zero position as soon as a pen deflection equivalent to, say, a volume of 1600 ml had been reached.
SOURCES OF ERROR RELATED TO THE OBSERVER
Errors arising during Volume Calibration. Calibration entailed passing successive volumes of 400 ml of air or of nitrous oxide mixture through the flow transducer. Each calibration took between 4 and 9 seconds. Any 'Volume drift" occurring during this time would produce a systematic error, but such errors should have been small. A larger calibration syringe would have been an advantage.
Errors could also arise due to inaccurate construction of the volume scale. About 4 mm deflection of the pen corresponded with a volume of 400 ml of gas passing through the flow transducer. Each division of the volume scale was equivalent to 100 ml.
In a few instances the calibration pen deflections obtained with "inspired" 80 per cent nitrous oxide did not bear the predicted relationship with the corresponding deflections obtained with "inspired" air. This was probably due to failure to flush out the calibration heat exchanger adequately with the nitrous oxide mixture. In these cases the volume scale constructed from the air calibration was used throughout, and the appropriate correction factor for viscosity was applied when the anaesthetic mixture was breathed.
Errors arising in Reading the Records.
The thickness of the line drawn by the Ediswan pen recorder was about 0.4 mm. This was equivalent to a volume of about 40 ml with the gain settings used. Measurements were taken between the midpoint of this line and the zero position at the end of each inspiration and expiration. Volumes were measured to the nearest 25 ml and it was felt that the midpoint of the lines drawn by the recorder could be denned sufficiently to justify this. At best, therefore, a given volume could not be measured to an accuracy greater than ± 12.5 mL Such an accuracy may not have been achieved, but on adding together a number of successive volumes of different magnitudes the reading errors should tend to cancel out. On the other hand, on adding together a number of successive "identical" volumes the error in reading each volume could be of the same sign, thus introducing a systematic error which would reduce accuracy. This would be unlikely to happen in practice.
When checking the results carefully, errors in the construction of the volume scales for two experiments were noticed. New volume scales were made and used for re-measuring the recorded volume deflections. A comparison between the initial and final volumes so read should give a fair indication of the mayimnm scaling plus reading' errors to be expected. They represent careless work. The comparison is given in table m.
OVERALL ACCURACY
An attempt has been made to account for the various possible sources of error and to assess their magnitude, but it is difficult to forecast the overall error to be expected in practice.
During five of the first series of experiments, expired volumes were collected in a Tissot spirometer in order to obtain some check on the accuracy of the expired volumes measured by pneumotachography. The calibration of the Tissot spirometer was 0.5 cm/1. The comparison is shown in table IV. The average discrepancy between the volumes as measured by pneumotachography and by spirometry amounted to 2.2 per Where there is some independent check of the volume measurements, however, it may be possible to decide when drift has occurred, and to allow for it. This was the case with experiment 5 (table IV) during the recovery period of which the discrepancy between the volumes measured by pneumotachography and by spirometry was as much as 6.2 per cent. It was in fact obvious from the results when the gross drift first started. The average discrepancy between the volumes as measured by pneumotachography and by spirometry for the remaining experiments, 2, 3, 4, and 6 was 1.2 per cent. This probably gives a fairer indication of the accuracy which can be achieved during a brief experiment. With the present apparatus the values for uptake obtained towards the end of longer anaesthetics should be interpreted with caution.
The accuracy of the measurement of tidal volumes during the induction of anaesthesia is not quite so critical when total anaesthetic uptake into the lungs plus blood and tissues is being measured-as in the previous method in which complete expirations were collected and analyzed for nitrous oxide content (Smith and Butler, 1963) . In the first place the total uptake into the lungs plus blood and tissues is larger than the uptake of blood and tissues alone. Secondly, the difference between the quantities of anaesthetic measured as inspired and as expired during the early stages of induction depends to a large extent upon the differences between the mixed inspired and mixed, expired concentrations of anaesthetic. Suppose, for example, that the volumes inspired and expired during the first breath were 1300 ml and 1115 ml respectively, and suppose that 80 per cent nitrous oxide was inhaled and that the mixed expired concentration of nitrous oxide was 40 per cent. The total uptake would then be 595 ml and an error of 1 per cent in measuring the volume of 80 per cent nitrous oxide inspired would lead to an error of about 1.8 per cent in the determination of the total nitrous oxide uptake. As nitrogen is washed out of the lungs, as the arterial blood approaches saturation with anaesthetic at its alveolar tension, and as the mixed expired anaesthetic concentration approaches the inspired concentration, however, the accuracy of tidal volume measurement becomes more and more critical. When anaesthesia is being induced with a relatively insoluble anaesthetic such as nitrous oxide, the end-expired concentration may reach 90 per cent of the inspired concentration within minutes. When a more soluble anaesthetic such as halothane is used this state of affairs may not be reached for hours.
APPENDIX
Before constructing the heat exchangers and the temperature-controlled valve box used in these experiments, attempts were made to design heat and moisture exchangers of the type of Walley (1956) and Toremalm (1960) as simpler alternatives. These were unsuccessful, but the data given by Mapleson, Morgan and Hillard (1963) suggested that multiple gauze screen condenserhumidifier devices of the types manufactured by Dragerwerk and Messrs. Garthur (London) Ltd. might be suitable. These have since been tested.
FIG. 9
The heat and moisture exchanger described in the appendix. It is shown connected to a Vickers Research Limited flow transducer (pneumotachograph), and a non-return valve. Provision is made for temperature measurement at both ends of the flow transducer.
The Dragerwerk device gave good temperature control but its resistance to respiration was not acceptable. The flow resistance of the Garthur device was acceptable but not its temperature control. The obvious solution was to increase the diameter of the gauze screens. Such a device has been constructed ( fig. 9 ). Fourteen 60-gauge aluminium screens of effective diameter 10 cm and interleaved with polythene spacers have been used. The spacers have an outer rim, about 5 mm wide and four spokes of the same width. The spacers are arranged so that the spokes of each spacer are rotated by one spoke-width, at the periphery, with respect to the spokes of the adjacent spacers. In this way the air stream is rotated slightly as it passes through the multiple gauze screen. Testing this device under the same conditions as those described for the temperaturecontrolled heat exchangers actually used, the flow resistance was 9 mm H a O at a flow rate of 60 L/min, and the temperature variation at the nasal end of the flow transducer was 0.7°C This temperature fluctuation increased with increased depth of respiration. The deadspace was 70 ml. The use of this device would eliminate the need for external temperature control, but it would be necessary to record the temperature of the gases passing through the flow transducer. 
